Abstract: An accurate model for lossy non-unifoim transmission lines is presented. The tcchnique provides a coplanar waveguide (CPW) taper model, which has been used to accurately dc-embed measurcments of passive CPW components in line gcometriea diffcring from the nominal 50 Q geometry of thc calibration. Thc modcl accounts for both dielectric and conductor losses, and is shown to be in excellent agreement with measured results froin 45MHz to I20GHz.
Introduction
Accurate measurements of on-wafer devices are essential in both the modelling and validation stages of monolithic microwave integrated circuit (MMIC) dcsign. The conventional way of measuring on-wafer devices is to employ commercially available probe stations and impedance standards substrates (1%). By using appropriate calibration standards, the network analyser and the probe-to-CPW transition can be characteriscd and de-embedded from subsequent measurements. Usually, the calibration items are Fabricated in line geometries that suite the ground-toground spacing of the probes used for the measurement. However, frequently thc deviccs that require characterising have a ground-to-ground spacing that is much less than that of the probes. As a result, tapers are requircd to provide a smooth transition betwecn the two diffcrent line geometries. Unfortunately, this poses several problems for subsequent measurements: since the tapers form part of' the measurement. For precision measurements, the calibration items should be fabricated on the measurement wafer. These standards are made with the same geometry as thc device under test (DUT), allowing any taper structures to be fully de-embedded as part of the calibration. However, this can be impractical, since the calibration standards can take up a large amount of wafer space, particularly if the highly accurate through-reflect-line (TRL) techniquc is used. Standard full-wave electromagnetic packages can of course be used to model the tapered transitions. However, in general, commercial packages need a large amount of showed that a non-uniform line could be modelled by applying cubic spline interpolation to the impedance profile of the line and, by means of a power series expansion, the line voltages and currents can be calculated. Compared to other techniques this method has the bencfit of simplicity and numerical eEciency. Unfortimatcly, the tcchnique is only applicable to true TEM lines, whcrc the charactcristic impedance is purely real and the propagation constant is independenl of geometry and, thercforc, distance. For quasi-TEM structures, such as illicrostrip and CPW, this assumption is only approximate. This is particularly true at low frequencies where the distributed series resistance and shunt conductance terms have considerable effect on the characteristic impedance. In this paper we extend the technique of [6] to include both losses and variations in propagation constant. The technique is thcn used to accuratcly de-embed CPW tapers from on-wafer measurcments.
Theoretical analysis
It can be shown that for quasi-TEM lines the tekgraphers' equations yield where x is the longitudinal distance. Z(.x) is the complex series impedance and Y(x) is thc complcx shunt admittance of the transmission line. In general, all of the parameters of eqn. 1 are functions of U. However, for simplicity, the U dependence has not been explicitly dcfincd but will be assumed throughout the remainder of this paper. We assume that both Z(x) and Y(x) arc known at x = X,, n = I , 2, .... N , and that over the region X, < x < the variation of R, L, G and C can be adequatcly described by cubic polynomials. Ths allows us to approximate the variation of the distributed elements by using cubic spline interpolation. An example of this is shown in Fig. 1 The subscript n denotes that the coefficients are for the n element of the non-uniform line. Evaluating the above recurrence relations gives the variation of the voltage over the nth region. The current is given from the teleg-aphers' equations:
In order to calculate the S-parameters of the network, we must first determine the A, and B, terms from the boundary conditions. At the end of the nth section, x = X, + Ax,, = Xn+,, we can define an equivalent load impedance (see Fig. 2 ): .... Eliminating Z&J from eqns. 10 and 11, and substituting for V, from eqn. 9, yields Bn c,,=-=-
At the beginning of the nth region, x = X,, we have an equivalent load impedance of i where we have made use ofthe fact that y, ( 1 5 ) The expression I'or S,, din'ers from conventional values because it applies to complex characteristic impedances [9] . In order to evaluate S,,, the voltage ratio In [6], the S-parameters of each section of the non-uni-[om1 line are calculated, normalised to 50Q, and then cascaded together to obtain the S-parameters of the complete line. This can result in a large amount of matrix manipulation for complicated line sections. However, in the present technique only recursive relations and products are required, resulting in both simpler and faster numerical .implementation.
Measured results
In this paper we apply the above technique to the simulation of a back-to-back CPW taper of total length 2 x 6 2 0 p , shown in Fig. 3 . The line dimensions at the start of the taper are: signal width W = 2 0 p , slot width S = 15pn-1, and ground plane width W, = 155pi. The dimensions at the cnd of thc tapcr arc: W = 0 2 p " S =
4~
and Wg = 140p.m. W, S and Wg vary linearly with distance. The characteristic impcdancc Z, and the propagation constant y~ are calculated using a quasi-TEM technique that allows for dispersion, finite substrate and ground plane dimensions, and both dielectric and conduction losses [IO] . In the simulation, the metallisation thick- ness was set to t = 1 . 2~ with material parameters of E,. = 12.95, tan6 = 0.0006, 0 = 4.1 x 10 ' . These values correspond to that of the wafer, i.e., gold metallisation on GaAs. Z,, and yn are calculated for eaGh element using the local values of signal width W, slot width S, and ground plane width Wg. This allows us to calculate the cubic spline coefficicnts for cach of the elements. Measurcments were performed using the 45 MHz to 1 lDGHz single-sweep HP 8510XF network analyser, having lmm coaxial cables, and a Cascade probe station. Calibration is performed using the multiline tcchniquc [ 1 11, with lines of length 200, 400, 800, 1500, 2000 and 3000 wi.
l0Opn offset short circuits were used for the reflect standards. The line geometry of' the calibration items is W = 2 0 v , S = 1 5 p and W, = 155pni. Small l o o p long tapers where used to provide a transition from the input pads. This same transition is used on all or the DUTs and, therefore, is not part of the measurement. Thc system impedance was normalised to 50Q using the technique of [12, 131 . Both the standards and DUTs were fabricated on a 4 0 0~ thick GaAs wafer. Figs. 4 and 5 show both theoretical and measured values for the back-to-back tapcr shown in Fig. 3 . The number of elements, N, was set to three for this simulation, with thc infinite power series expansions truncated to the first ten terms. Sincc the back-to-back taper is symmetrical, only one half of the structure was simulated. The complete network was then obtained by cascading the taper network with its revcrse network. Computation took only a few sec-onds for 201 frequency points, using a 400MHz Pentium I11 PC. As can be seen, both the magnitude and phase of SI, and are in excellent agreement up to 120GHz. The slight discrepancy in SI I above 80GHz is probably due to the fact that the quasi-TEM method used to calculate the tapered parameters is only valid up to 80GHz [lo] . 6 shows the S-parameters of a nominal 7.895" 25Q line with tapers, identical to that of Fig. 3 , at each end. For details of the Coplan software, see [14] . It can be seen that the de-embedded measurements are in good agreement with simulated values. The difference between the simulated and measured results is equivalent to 2.5% of additional line length. This may be due to variations in the complex permittivity of the substrate and additional phase shifts due to the shunt capacitance of the air-bridges, which where not accounted for in the simulation. Furthermore, Coplan uses a quasi-static model, which is unlikely to provide accurate results up to 1 IOGHz.
Conclusions
We have presented an improved technique for the solution of non-uniform quasi-TEM transmission lines that allows for losses and variations in the complex propagation constant. The technique has been used to provide highly accurate models of CPW tapers. These models have been used successfully in the de-embedding of on-wafer CPW measurements. 
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